The diameter and branching structure of positive streamers in ambient air are investigated with a fast iCCD camera. We use different pulsed power circuits and find that they generate different spatial streamer structures. The electrodes have a point-plane geometry and a distance of 40 or 80 mm, and the peak voltages over the discharge gap are up to 60 kV. Depending on circuit and peak voltage, we observe streamers with diameters varying gradually between 0.2 and 2.5 mm. The streamer velocity increases with the diameter, ranging from 0.07 to 1.5 mm ns −1 , while the current density within the streamers stays almost constant. The thicker streamers extend much further before they branch than the thinner ones. The pulsed power supplies are a switched capacitor supply with an internal resistance of 1 k and a transmission line transformer supply with an impedance of 200 ; additional resistors change the impedance as well as the voltage rise time in the case of the capacitor supply. We observe that short rise times and low impedance create thick streamers close to the pointed electrode, while a longer rise time as well as a higher impedance create thinner streamers at the same peak voltage over the discharge.
Introduction
Electric breakdown in gases over large distances occurs in several stages. The first stage is the build up of an avalanche. Then, when space charge starts to influence the applied field, the streamer discharge creates a weakly ionized channel. At very high fields this streamer branches. As realized already more than half a century ago [1, 2] , streamers are difficult to visualize and to describe, due to their rapidity as well as due to their internal multiscale nature [3] . The aim of the present paper is, in particular, to clarify the experimental findings on different streamer patterns, diameters and velocities, and their relation to the external electric circuit.
A variety of streamer diameters under different experimental conditions has been reported. Photographic observations were made 40 years ago by Waters and Jones for a voltage of 270 kV over a 2 m gap. They show a streamer with a diameter near the anode of roughly up to 20 mm, decreasing further on in the gap to ∼2 mm [4] . On such photographs, however, one easily overestimates the size because the centre of the channel can be overexposed. The experimental conditions of [4] are far from the small gaps that are studied nowadays for pulsed corona applications [5] . On the other hand, the photos in [4] show that a pulse with a relatively long voltage rise time of the order of 1 µs can create thick and thin streamer channels and pronounced branching.
Corona streamers created by pulsed positive voltages have been studied mainly in small gaps. Diameters reported in the literature are e.g. 40 µm in pure oxygen at 0.5 bar in a gap of 1 cm and a voltage of about 11 kV [6] . Values obtained for streamers in air are e.g. 0.2 mm in a wire-plane gap of 35 mm at 30 kV [7] and 0.5 mm in a point-plane gap of 20 mm at 25 kV [8] . In larger gaps limited information is available. Diameters of 10 mm in a wire-cylinder discharge of 290 mm diameter using a voltage pulse of 140 kV are reported in [9] . A recent publication [10] shows a very abrupt change from 4 to 0.5 mm in a wire-plane discharge of 35 mm with a short voltage pulse with a maximum of 45 kV; the thin streamers probably occured after the voltage had collapsed. We will show below that errors in diameter measurements can occur not only due to photographic overexposure, but also due to the insufficient resolution of CCD cameras. On the other hand, they will not explain diameters varying by two to three orders of magnitude at normal pressure.
High altitude discharge phenomena also show interesting effects. They have become a subject of study since their discovery in 1989 (see e.g. [11, 12] ). These transient luminous events are referred to as sprites, elves, blue jets, etc. Sprites, in particular, are thought to be a type of streamer discharges and their larger diameter of up to 100 m [13] corresponds to the much lower air density at high altitudes. This scaling with air density follows from simple streamer models taking only impact ionization into account [3] and relates experiments at low or high pressure to each other the results are somewhat modified by photoionization [14] [15] [16] .
The question of the streamer diameter has also played a classical role in streamer theory. Dawson and Winn [17] were the first to perform so-called 1.5D dynamical streamer computations that used a constant value for this diameter. A value of 60 µm was thought to be an optimal value at the time. Later a fixed streamer diameter was predicted by minimization arguments by D'yakonov and Kachorovskii [18] and Simakov and Raizer [19] (for a discussion see [3] ). In 2D computations the diameter is not an input, but a result of the computation. Recent computations in gaps longer than 5 mm [15, 16, [20] [21] [22] [23] [24] show that the diameter of both positive and negative single streamers can depend on the applied voltage. Streamer diameters up to 16 mm are reported in [21] in a pointplane gap.
Simulations in a homogeneous field show that streamers can expand in overvolted gaps [15, 16, 20, [23] [24] [25] [26] . Calculations and measurements are still difficult to compare as they use different voltage pulse parameters and initial and boundary conditions. A recent attempt to compare measurements and calculations for single positive streamers in air shows that this is still not a straightforward task [8] .
In the present paper, our goal is to set a basis for such a comparison by performing well-defined experiments that determine how experimental streamer properties and, in particular, the optical diameter depend on applied voltage and gap length. We investigate positive streamers in a point-plane geometry in ambient air. The experiments are performed in the same experimental setup, but with different power supplies. We find that the applied voltage is a key parameter but that the internal resistance and the rise time of the power supply have a distinct influence as well.
The paper is organized as follows: in section 2, the experimental setup and diagnostics are described. Section 3 contains the experimental results and section 4 further discussion and conclusion.
Experimental setup and diagnostics

The two pulsed power supplies used
Two different power supplies are used to generate pulsed positive streamers. In both supplies first a capacitor is charged and then a switch is closed. However, the consecutive discharging of this capacitor over the needle-plate gap differs. The first power supply (called C-supply) is sketched in figure 1 ; it is similar to the supply used previously [27] . The capacitor C (250 pF) is charged negatively through the resistor R 1 (25 M ) . Closing the homemade, triggered spark gap puts the potential on the needle-plate electrode gap, with the negative polarity applied to the plate. In this way a positive corona is emitted from the needle. The resistor R 2 can be used to limit the current through the gap and the switch; its value is either 0 or 1 k . Resistor R 3 determines the duration of the voltage pulse and is 4 k in a 40 mm gap and 25 M in a 80 mm gap. A resistive-capacitive divider (Tektronix P6015) is used to measure the voltage at the anode. The voltage rise time depends also on the series resistor R 2 . The current through the corona gap is obtained from the voltage across a series resistor R 4 between cathode and ground. The value of R 4 is 2.75 . The outer ring across the cathode ensures a welldefined, low stray capacity and therefore a fast rise time of the current measurement [28] . All signals are digitized using 0.2 ns sampling time (LeCroy Waverunner 6100A). The energy is determined as the time integral over voltage times current, after the capacitive part of the total current is subtracted [27] . Noise is filtered out of the signals before integration [28] . Figure 2 (a)-(c) shows the measured voltage, current and energy of the discharge when the dc voltage is set to V DC = 60 kV. The resistors R 2 and R 3 here are 1 and 4 k . This leads to a rise time of the voltage pulse of ∼60 ns, while when using R 2 = 0 k the rise time becomes ∼30 ns as is discussed in more detail in section 4.1. The decay of the voltage is controlled by resistor R 3 . In the 40 mm gap a rather low value of 4 k is chosen to limit the time during which the voltage is at its maximum. This prevents the transition of the corona discharge into a spark. It also means that the voltage V DC applied on the capacitor is not reached on the gap since the capacitor rapidly starts to discharge through resistor R 3 . With the dc voltage set to 60 kV, the maximum or peak V P of the voltage pulse on the discharge gap is here 42 kV; in general, it will depend on the value of R 3 and the discharge current. The measured current consists of a capacitive part and a discharge part. The geometric capacity of the current measurement system is determined to be 350 fF at 3 kV. At 42 kV this capacitive part has a negligible influence on the energy content of the corona pulse which is ∼6 mJ in the case of figure 2.
We estimate that roughly 50% of this energy is used for the primary streamer propagation. This estimate is based on the assumption that the maximum current is achieved when the In (d) the timing of the measurement is indicated as described in the text: t 1 is the initial starting pulse for the trigger unit of the complete experiment, t 2 is the actual trigger for the high voltage pulse, t 3 is the trigger for the camera with an adjustable delay, t ss is the moment at which the streamers start (this time can jitter considerably), and g is the actual opening gate of the CCD camera; here it is 50 ns. primary streamers reach the cathode. Figure 2 shows that at this point the energy is halfway, i.e. 3 mJ of the total 6 mJ. This fraction, however, very strongly depends on the pulse duration and the gas composition. It is beyond the scope of the present paper to treat this subject in detail. The other half of the energy is consumed after the streamers reach the cathode, in the socalled secondary streamer. In the figure, the corona current reaches its maximum I P at time t = 1.4 µs. At that moment, a small dip can be seen in the voltage. This voltage drop of about 2 kV is in agreement with the voltage drop across R 2 and an internal resistance in the supply at the measured current of 1 A. The peak current I P is an almost pure particle current, as the displacement current is negligible near the maximum of the voltage.
Figure 2(d) shows the timing diagram for the control of the CCD camera. At t 1 , a function generator creates the starting pulse. This pulse is mostly a single shot, manual pulse but it can also be one from a steady pulse train. The pulse goes to the trigger unit of the spark gap. The trigger circuit creates an optical signal which enters through a fibre into the shielded high voltage box where it is converted and amplified to an 8 kV pulse. The total delay of the trigger unit t 2 has a fixed value of 1.2 µs. The spark gap follows 10-20 ns after this 8 kV pulse and then the high voltage pulse starts. The start of corona streamers is at t ss , the value of t ss -t 2 strongly depends on the voltage level and rise time. In figure 2 it is about 50 ns, but it can be much longer if the peak voltage is only just above inception. In that case the jitter of t ss -t 2 can be up to several microseconds. The signal t 1 has simultaneously been sent to a delay generator that gives a pulse to the CCD camera at t 3 . The camera opens its gate 35 ns after t 3 with an adjustable duration or 'gate' g. In the figure the value of g is set to 50 ns, the camera allows settings from 2 ns to 'infinite'. With low discharge jitter, t 3 and g can be chosen in such a way that the streamers cross only a part of the gap during the gate time of the camera, an example of such a snapshot is shown in figure 8(a) . If the jitter is high, it is unlikely that the camera observes the streamers with a short gate time g. In that case photos are taken mostly with very long gate times, as in figure 6(d).
The second power supply (called TLT-supply) is shown in figure 3 . Here again a capacitor (1000 pF) is charged (part 1 of the figure), but in this case to a positive polarity. It discharges when the spark gap is closed (part 2) via a transmission line transformer (part 3) over the electrode gap (part 4 of the figure). This supply in principle transforms the voltage up by a factor of 4. Note that this supply is not inverting because the positions of capacitor and spark gap are exchanged in comparison to figure 1. The TLT provides 12.5 load impedance to the pulse former, but 200 to the discharge [29] . Therefore it is able to create high current pulses with better matching than a C-supply. Voltage and current are measured here with a Tektronix high voltage probe (P6015) and a Pearson current monitor (6585). The magnetic cores are inserted to damp reflections when the load is not well matched to the source.
Typical waveforms of voltage, current and energy are shown in figure 4 . A series resistor of R 2 = 0 or 1 k is used again to probe its effect on the discharge. The voltage rise time is ∼25 ns, and it is independent of the series resistor R 2 . Figure 4 shows a current of ∼12 A with R 2 = 1 k obtained at 14 kV charging voltage. When taking an additional voltage drop of 12 kV across R 2 into account, this amounts to a transformation ratio of 3.8. In another case with R 2 = 0 a peak voltage of 41 kV is obtained at 11.3 kV charging voltage, so the transformation ratio is 3.6. Probably the higher current in this case leads to more losses in the TLT.
The pulse shape appears to be independent of the value of R 2 for the values used here. The width of the corona pulse is indicated in the figure with two dotted lines that are 70 ns apart (the first peak is capacitive and the actual corona current peak is ∼50 ns). The energy content, as shown in figure 4 , is ∼15 mJ up to the second dotted line. The oscillations after 100 ns show that the impedance of the corona discharge does not match the power supply. The energy from these oscillations anyway does not contribute to the primary streamer propagation. The matching of TLT-supplies to a corona discharge can be almost perfect in long wire-cylinder discharges at very high currents [29] .
Diagnostic procedure
In all measurements reported here, a point-plane electrode configuration is used, and the distance between the electrodes is adjustable. The anode tip is made of thoriated tungsten and has a radius of ∼15 µm. The round cathode inner plate is 100 mm in diameter and the outer ring of the divided cathode has an outer diameter of 180 mm. All measurements are performed in ambient air at normal pressure.
Photographs of the discharge are taken with an intensified CCD camera, a 4QuikE from Stanford Computer Optics with 736 × 572 pixels with 8.6 × 8.3 µm pixel size. The camera is sensible in the optical wave length range of 300-800 nm; the figures are actually dominated by emission of the N 2 (C-B) transition that has a decay time of about 1 ns. In the figures within this paper, the focal depth is about 2 cm.
The streamer diameter is determined from iCCD photographs such as in figure 5 . When measuring the diameter, care is taken that measurements are done on a single streamer at a place without return stroke, multiple streamers, anode glow or 'out-of-focus' effect. To avoid measuring effects of the return stroke, the camera's gate width is chosen in such a way that only the primary streamer during its flight is photographed, i.e. the gate is less than 100 ns. Voltage oscillations as in figure 4 then do not influence the images. Occasionally a long integration time of several µs is used to show the later evolution after the streamers have reached the cathode. This is done particularly for the C-supply where the voltage decays slowly.
The dotted lines in figure 5 indicate the positions of the cross-sections shown in the profile bars below and beside the picture. Each peak in the profile corresponds to a streamer. The streamer diameter is measured as the full width at half maximum (FWHM) in the profile of the respective peak. At this point, we want to warn the reader that these diameters can deviate from the visual impression of the converted and plotted images; in the plotted images, bright channels will appear wider than faint channels when the FWHM diameter is the same. Figure 5 shows a typical streamer pattern at atmospheric pressure in a gap of 80 mm under a voltage pulse of 60 kV. Near the anode three streamers with a large diameter can be seen. The clearest one is indicated with a box labelled 1. The FWHM diameter of this streamer is ∼2.5 mm according to the prescription of section 3. The diameter is more or less constant while the streamers propagate towards the cathode. After ∼20-30 mm these thick streamers branch and several thinner streamers emerge with a diameter of ∼1.2 mm. One such streamer is again indicated with a box, labelled 2. Then after shorter travel distances of the order of 5-10 mm, the streamers branch again into even thinner channels. Again, such a thin streamer is indicated by a box and labelled 3. The streamers from now on will be referred to as type 1, 2 or 3 according to the box number shown in figure 5 though we stress that there seems to be a continuous transition between streamers of different diameters; therefore the types should not be misunderstood as a classification of distinct propagation modes.
Results
The influence of voltage and gap spacing
Reading the diameter of the type 3 streamers from figure 5 leads to a value of ∼0.7 mm. In this situation, however, one pixel of the CCD camera corresponds to 0.15 mm. Taking into account that there is always some cross-talk between adjacent cells of a CCD array, one could suspect that these 0.7 mm are an overestimation. Indeed, when the CCD camera zooms in into the lower part of the discharge with a factor of 2 or a factor of 4, at least 4 pixels in a row transverse to the streamer are always illuminated, as summarized in table 1.
It is clear that the diameter of the thin streamer is broadened due to instrumental effects when a large gap is imaged onto our CCD camera. When the total view of the camera is decreased to 2 cm, additional broadening sets in with now 5-6 pixels being illuminated; this measured result of about 200 µm probably approaches the real streamer diameter. Zooming in further gives problems with focal depth and finding a streamer that meets all requirements for a correct determination of the FWHM. This value of 200 µm is also close to values reported earlier [8, 27, 30] . The measured diameters of the wider streamers of types 1 and 2 are, within experimental errors, not affected by zooming in.
First observations in a 40 mm gap using the TLT-supply have been given in [10] and in [3] . When compared with the photographs of e.g. [27] , these pictures appear to give the idea of completely different streamer types, that would be distinguished by different propagation modes and separated by phase transitions. At that time the different appearance was essentially attributed to the TLT-supply with its low internal impedance. Here it will be shown that thick streamers with almost no branching also occur with the C-supply at sufficiently high voltage. Figure 6 shows four streamer patterns in a shorter gap of 40 mm with a voltage pulse of 54 kV using the C-supply. (Because spark formation had to be prevented, higher voltages could not be explored in this short gap.) Figure 6 (a) is taken with a camera gate time g = 4 ns and such a delay t 3 that the observed streamers are in the middle of the gap. As shown previously [3, 31] , the complete streamer does not emit light, but only the actively growing heads of the channels do so. The image shows the path that the streamer heads have crossed within the gate time, hence the velocity can be determined. In figure 6(a) , the travelled distance is y = 6 mm and the gate time is g = 4 ns; therefore the local velocity at this part of the gap is 1.5 mm ns −1 . Note that there is some ambiguity in this determination as some streamers propagate towards or away from the camera and are therefore optically shortened. For our velocity measurements, we choose streamers that stay in focus and that we believe to propagate within the image plane. Figure 6(c) shows the discharge development taken with the same gate time of 50 ns. But due to some jitter in the spark gap and the discharge inception, this picture shows a somewhat later stage of the development than figure 6(b) . The figure shows that the type 1 streamers can fully bridge the gap within these 50 ns as also observed in [3] and [10] . A new interesting feature appears; streamers with a diameter similar to those of type 3 in figure 5 start in the neighbourhood of the point. These thin streamers will be called type 4. They mostly start after the thick streamers have reached the cathode. They seem to start at some surface roughness higher up on the anode or somewhere along an existing streamer path. When the integration time of the camera is longer, the thin streamers cross the whole gap. Figure 6 (c) is chosen here particularly because it is not overcrowded with streamers and because it shows how late streamers have emerged from the anode but have not reached the cathode yet. Figure 6 (d) shows how many thin late streamers cross from anode to cathode when a longer gate time is used. Late streamers of type 4 are not observed when using the TLT-supply because the pulses of this supply are much shorter in time (see table 2 ).
Another remarkable event is observed in the circle drawn in figure 6(c) . A late streamer does not continue its way to the cathode but appears to bend towards an existing streamer path and seems to connect to it. This effect can, of course, not clearly be concluded from 2D photographs of a 3D event, but it is observed on many photos that a streamer bends towards another straight one and precisely stops at the straight streamer and practically never just before or just after. A plausible explanation for this observation is that a 'return stroke' changed the polarity of the early thicker streamer after it connected to the cathode, and that it therefore became electrically attractive for the late streamer. This effect was observed before [10, 27] ; a similar event, but probably without prior connection to an 'electrode', was recently observed in sprites [32] . Now the behaviour in the wider gap of 80 mm as in figure 5 is studied. For this gap length, pulses of 60 kV are strong enough to let the streamers bridge the gap. First, figure 7(a) shows streamers in an 80 mm gap at an applied voltage of 40 kV using the TLT-supply. These streamers die out roughly halfway through the gap. They start as thick streamers at the anode with a diameter corresponding to type 2 and branch into type 3 streamers after ∼10-40 mm.
In figure 7 (b) the voltage is increased to 60 kV. The gate time of the photograph is taken so short that the streamers have not yet reached the cathode. At the anode two streamers of type 1 diameter can be seen that branch into streamers of type 2 after ∼20 mm. The streamer pattern in this figure, after branching into type 2 streamers, is very similar to the streamer pattern in figure 7 (a) starting right at the anode. A possible conclusion is that the end of the type 1 streamer in the 60 kV Table 2 . Electrical properties of the pulses. V DC is the voltage of the source and R 2 a resistance in the circuit, see figures 1 and 3. V P and I P are the peak voltage and peak current at the discharge. t R is the voltage rise time, dt the halfwidth of the current peak and E the integrated energy of the total peak. discharge plays a similar role as the electrode needle for the 40 kV discharge; it supplies a similar current and voltage for the further streamer evolution. Figure 7 (b) shows frequent streamer branching that creates many type 3 streamers in practically the whole gap, but in the most pronounced way further away from the anode. These thin streamers do reach the cathode, as is observed in pictures with a longer optical gate. However, type 4 streamers have not been observed in the 80 mm gap, neither with the short pulse of the TLT-supply nor with the C-supply.
The influence of the power supply
The C-supply and the TLT-supply have both been operated with a peak voltage V P on the gap of 40 and 60 kV and with R 2 figure (b) , the voltage pulse of 60 kV is high enough and the pulse duration is long enough for the streamers to bridge the gap, as other observations show. However, the gate width in this particular picture is chosen so short that the primary streamers have not crossed the gap yet during the camera gate time.
set to 0 or 1 k . The maximum of the dc supply is 60 kV so the peak voltage of the pulse is lower if there is a considerable current pulse across R 2 . The parameters of the electrical pulses used in this paper are summarized in table 2. Table 2 is not complete because some current measurements were considered to be unreliable due to oscillations. Nevertheless, the table does show several remarkable effects as follows:
1. For a given peak voltage the peak current decreases slightly with increased gap spacing. 2. The series resistor R 2 of 1 k reduces the peak current by a factor ∼0.1-0.3 in the case of the C-supply and by a factor ∼0.4-0.6 for the TLT-supply. 3. For R 2 = 0 the TLT has a transformation ratio of 3.6±0.1 between peak voltage V P on the corona gap and V DC of the power source, and for R 2 = 1 k this ratio goes down to 2.8 ± 0.1. When the voltage across R 2 is added the ratio becomes 3.7 ± 0.1. 4. The rise time of the C-supply depends on R 2 . The rise time of the TLT-supply does not depend on R 2 . 5. The peak currents with the TLT-supply are 5-10 times larger than those with the C-supply for identical pulse voltages V P and gaps. 6. The pulse duration of the TLT-supply is shorter. 7. The energies per pulse are a factor of 2 to 3 higher for the TLT-supply. This comparison is troublesome because the incompleteness of the dataset is most obvious here. Further, the longer duration of the pulses of the C-supply contain energy of the secondary streamers and the energy of the TLT-supply pulses can be inaccurate due to the oscillations of the TLT.
Now the branching patterns obtained with both power supplies will be compared. The streamer patterns created with both power supplies are not very different when R 2 is 0 (see figures 5 and 7(b). The main difference is that the thick streamers propagate further in the gap in the case of the TLTsupply. Table 2 shows that there is a difference of a factor ∼4 in current between figures 5 and 7(b). Figure 8 (a) shows a picture of the 80 mm gap in the case when the resistor R 2 = 1 k is added to the TLT-supply circuit. The current through the discharge decreases from 48 ( figure  7(b) ) to ∼20 A (for V P = 60 kV) while the rise time remains the same. No type 1 or type 4 streamers can be seen. The branching of type 2 streamers into type 3 streamers occurs in figure 8(a) closer to the anode than in figure 7(b) . So, the current and the streamer thickness is limited here by the impedance.
When the resistor R 2 is added to the C-supply, not only is the maximum current reduced by a factor of 3 in the 80 mm gap, but the rise time of the voltage pulse also becomes a factor of 2 longer. Figure 8(b) shows the streamer pattern in this situation ( figure 5 shows the case with R 2 = 0). Also here there are no type 1 and 4 streamers, and the type 2 streamers are even shorter than in figure 8 (a). The type 3 streamers fill up the larger part of the gap and branch many times. The rise time of the voltage in the last case becomes comparable to the gap crossing time of the streamers. So what probably happens is that the streamers initiate from the needle before the voltage has reached its maximum; therefore initially they form a pattern of thinner streamers corresponding to this lower voltage. Apparently, the streamer diameter cannot increase substantially during the later evolution, while streamers can branch into thinner streamers. A future theoretical study of electric currents and potentials within the streamer pattern will have to shed more light on this evolution.
The velocity of different streamer types
The streamer velocity at various places in the electrode gap can be obtained from time resolved measurements as demonstrated, e.g. in figure 6 (a) for type 1 streamers or in figure 1 of [3] for type 3 streamers. The travelled distance is measured as the FWHM length of the streamer head path and this is divided by the gate width which typically ranges from 4 to 50 ns. This measurement is complicated by several circumstances. First, the spark gap switches have considerable jitter; therefore the time t 2 in figure 2(d) has a jitter of the order of several tens of nanoseconds. So it is a matter of trial and error to obtain a suitable piece of streamer on a photo in a wanted position in the gap. For this reason table 3 could not be completed. A second cause for incompleteness of this table is that not all types of streamers occur under the conditions indicated.
Furthermore, as already said above, there are no really distinguishable streamer types and a streamer can continuously change from type 1 to type 2 and further to type 3. The table contains measurements on short streamer parts that clearly fall into one particular 'type'. The shortness of the streamers leads to larger errors in the determined velocity. Therefore the velocities in table 3 have errors and should be understood as representing a broad distribution with widths of 20%-50%. Late type 4 streamers appear with considerably more jitter in time. This makes it virtually impossible to determine their velocity with the method used here. Table 3 shows that thick streamers travel faster than thin ones; they also occur closer to the point electrode where the instantaneous local background fields are higher-however, the local background field in the absence of streamers should not be confused with the actual local field when the streamers are present. In ambient air at atmospheric pressure, streamers of type 1 are the fastest with velocities of more than 1 mm ns −1 . Streamers of type 2 have velocities of ∼0.5 mm ns −1 and streamers of type 3 have velocities of ∼0.1 mm ns −1 . The velocity range found here is in the same range as in other experiments [7, 8] and calculations [7, 8, 21] .
A general trend is that type 2 and type 3 streamers are faster when the applied voltage is higher, but further quantification is not possible at the present stage. For type 1 streamers, the limited amount of data available does not allow conclusions.
Discussion and conclusions
Comparison of power supplies: the role of rise time and internal resistance
In our point-plane gaps of 40 and 80 mm, with pulse amplitudes in the range of 40-60 kV, currents are obtained in the range of 1-55 A (see table 2 ). This demonstrates the wellknown strongly non-linear relation between peak voltage and peak current of the pulsed corona discharge that in addition are strongly influenced by the different power supplies with their different voltage rise times and internal resistances.
In the C-supply for V DC = 40 kV, the voltage rise time increases from 30 to 60 ns when the series resistance R 2 = 1 k is added. Assuming that this is an RC charging time, the internal resistance of the power supply, R C also has to be ∼1 k . This agrees with a dip of ∼2 kV when the peak voltage of V P = 42 kV as seen in figure 2 ; here the peak current is I P = 1 A and the series resistance is R 2 = 1 k (see table 2 ). With R 2 = 0 the current almost doubles to 1.7 A. This implies that the discharge adapts to the power supply and changes its internal resistance with almost the same factor of 1.7. So the consequence of adding R 2 in the C-supply is both a limitation of the current and an increase in the voltage rise time. Under these conditions, the streamers are considerably thinner and carry less current.
The output impedance of the TLT-supply is 200 . For a peak voltage V P = 60 kV in the 80 mm gap, the peak current is I P = 48 A when R 2 = 0. This corresponds to an internal loss in the power supply of 48 A × 200 = 9.6 kV. For this peak, 17.2 kV charging voltage was used, so ideally the TLTsupply should produce 69 kV with a transformation ratio of 4. Therefore the peak voltage at the gap should be 59.4 kV, very close to the measured value of 60 kV. With R 2 = 1 k , the current drops to ∼20 A and a charging voltage of 22 kV is required. This leads to a peak voltage on the gap of 4×22 kV−(1 k +200 )×20 A = 64 kV, again close to the measured value of 60 kV. For the TLT-supply, the resistor R 2 limits the current, but has no influence on the voltage rise time.
The hypothesis that the internal resistance of the power supply determines the streamer pattern when peak voltage and rise time are identical, can be tested by comparing experiments with the C-supply and R 2 = 0 to experiments with the TLTsupply and R 2 = 1 k . This is because the C-supply has an internal resistance of ∼1 k as derived from its change in rise time while the TLT-supply with R 2 added has 1.2 k resistance in total. Indeed, when applying these two power supplies to the 80 mm gap at V P = 60 kV, the C-supply delivers 10 A and the TLT-supply the very similar value of 13 A. Furthermore the streamer patterns in these two cases are quite similar as figures 5 and 8(a) show. We conclude that power supplies will create similar streamer patterns if their voltage rise time, peak voltage and internal resistance are similar, and that the internal resistance plays a decisive role.
Thick and thin streamers, streamer branching
For ease of discussion, streamers of different widths are characterized here as four different 'types', though they do not seem to be distinguished by phase transitions or different propagation modes.
• Type 1 streamers are very thick with a diameter of about 2.5 mm; their velocity is just over 1 mm ns −1 and they carry currents of up to 25 A.
• Type 2 streamers are thick with a diameter of about 1.2 mm, a velocity of 0.5 mm ns −1 and currents of the order of 1 A.
• Type 3 streamers are thin; their diameter is 0.2 mm which can only be properly determined by zooming in sufficiently with the camera (cf A qualitative explanation of these different streamer diameters is that high local electric fields, in particular, fields that exceed the breakdown threshold [33] close to the needle electrode, create wide streamers. Similar observations of increasing negative streamer diameters in increasing fields can be found in the simulations presented in [16, 23, 24] . On the other hand, if the voltage rise time is comparable to streamer formation and propagation time, streamers can initiate near the needle while the local field is still lower, and the streamers are then more narrow. Therefore one could expect that a voltage rise time of 10 ns or less for a 60 kV voltage pulse would create even thicker streamers. This is consistent with streamers of 10 mm diameter in [9] that are created in a larger dV /dt (pulses of 140 kV with 30 ns rise time) in a wire-cylinder gap of 145 mm radius.
In the present point-plane electrode geometry, streamers approximately keep their initial diameter between branching events, though recently in a wire-plate electrode geometry streamer diameters were observed to grow [34] . The streamers characterized as type 3 and 4 might be streamers of minimal diameter. Such a minimal diameter is necessary for the specific mode of streamer propagation by local field enhancement [3] ; it requires the streamer diameter to be larger than the thickness of the charged ionization front in the streamer head [3] .
In contrast to these streamers of probably minimal diameter ('minimal streamers'), the thick streamers of type 1 and 2 propagate faster and in higher background fields. They seem to come with a continuous variety of diameters. It is surprising to note that the average distance between branching is much larger for thick streamers than for thin streamers. An explanation of this fact is presently not at hand.
Another intriguing phenomenon is that late (type 4) streamers can bend towards earlier channels as shown, e.g. in figure 6(b) . Similar phenomena have recently been observed in sprites [32] . However, in the present setup, it is likely that the streamer channels change polarity after reaching the electrode and therefore attract later streamers; this mechanism is unlikely for sprites in high layers of the atmosphere.
An estimate on the current density
We observe that the current density in streamers seems to be rather unchanged in quite different streamer patterns generated by different circuits. The estimate is based on the fact that the peak current lasts about as long as the streamers propagate.
The highest current peak measured is 48 A in figure 7 (b). When one assumes that this current initially near the electrode is carried by only two thick streamers with a diameter of 5 mm, the current density in such a streamer is ∼1.2 A mm −2 . Looking further down in the same figure, 12 streamers of type 2 can be identified. With a diameter of 1.2 mm this gives a current density of ∼3.5 A mm −2 . Figure 8 (b) shows the measurement with the largest number of thin streamers, namely more than 200. Here the current is 3 A in total, i.e. ∼0.015 A per streamer. The diameter of this type 3 streamer is 0.2 mm, therefore the current density is 0.5 A mm −2 . According to this very rough estimate, the current density within the streamer varies by a factor of ∼7 while the current within a single streamer varies by a factor of ∼1600.
Final remarks and theoretical challenges
Pulsed positive corona discharges in air show a large variety of streamer diameters and consecutive branching patterns. We suggest that this is determined by three properties of the external electric circuit: the peak voltage, the voltage rise time and the internal resistance.
We have presented our experimental results. It appears that all streamer photographs known to us fit in the presented frame of different diameters under the indicated conditions, such as gap size and pulse parameters. Obviously they ask for a theoretical explanation: can theory reproduce streamer diameters, current, current density and velocity as a function of the external circuit? Which additional insight does theory give into the inner structure of the streamer that is experimentally not accessible? The recent progress in numerical simulations of streamer dynamics, e.g. in [8, 16, 20, [22] [23] [24] , appears to make it possible to address the questions raised here in the near future.
A detailed understanding of the generated streamer structures requires us to distinguish different stages of the dynamics, namely (i) the inception and nucleation process next to the pointed anode, (ii) the streamer propagation and branching dynamics and (iii) the late stages of evolution after the first streamers have crossed the gap. These are clearly distinct processes and should be analysed separately.
(i) The first step is the streamer inception. Our experiments show that a fast rise to a high voltage together with a low impedance of the circuit favour the formation of thick streamers next to the pointed electrode; these streamers are fast and can carry a high current. For the formation of these streamers, the source of free electrons and the anode processes in the instantaneous local field need to be modelled appropriately. An ionization seed is formed in the high field region around the pointed electrode that then propagates outwards and destabilizes into a number of streamer branches. This nucleation process determines the number and size of the emerging streamers.
(ii) In the second phase each streamer carries a given charge, enhances the local field and propagates outwards. Here the challenge lies in understanding the diameter, velocity and branching process of a streamer head that is characterized by a certain head potential and charge content. We stress our conviction [3] that the electric potential alone is an insufficient characterization, and that different streamer diameters need to be related to different amounts of electric charge carried by the respective streamer heads. The splitting of one thick into several thinner streamers is then understood also as a splitting of the charge content of the original streamer over several new streamers-where we emphasize that electric charge is a conserved physical quantity.
(iii) After the streamer has reached the cathode, return stroke and electric recharging determine the further current flow and electric interaction of the channel.
We conclude by remarking that recently it was shown that the thick streamers created by very short pulses are very efficient for ozone production [34, 35] . They also use the power supply in the most efficient way [29] . The present study therefore not only increases our fundamental knowledge on streamer discharges, but is also very relevant for applications.
